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Novel back-to-back correlations are shown to arise for
thermal ensembles of squeezed bosonic states associated with
medium-modied mass-shifts. The strength of these correla-
tions could become unexpectedly large in heavy ion collisions.
Introduction | The Hanbury-Brown Twiss (HBT) or
Goldhaber - Goldhaber - Lee - Pais (GGLP) eect [1,2]
is widely used in heavy ion physics to measure the space-
time geometry of such reactions. The enhanced corre-
lations of bosons in outgoing states with small relative
momentum provide a (distorted) Fourier transform pic-
ture of the system at freeze-out. The scales measured by
the HBT eect coincide with the lengths of homogeneity,
i.e., the scales within which the local momentum distri-
bution is approximately the same.
In this Letter we consider the eect of possible mass
shifts in the dense medium on two boson correlations
in general. Thus far medium modications of hadron
masses have been mainly considered in terms of eects on
such observables as dilepton yields and spectra. Hadron
mass shifts are caused by interactions in a dense medium
and therefore vanish on the freezeout surface. Thus, a
naive rst expectation is that in medium hadron modi-
cations may have little or no eect on two boson corre-
lations, and so the usual HBT eect has been expected
to be only concerned with the geometry and matter ow
gradients on the freeze-out surface. However, in this Let-
ter we show that a rather interesting quantum mechan-
ical correlation is induced due to the fact that medium
modied bosons can be represented in terms of two-mode
squeezed states of the asymptotic bosons, which are ob-
servables. As a by-product, we solve the nite-size prob-
lem for two-mode squeezing, which is a new result not
only in high energy particle and heavy ion physics, but
in quantum optics as well [3].
In this Letter we assume the validity of relativistic hy-
drodynamics up to freezeout, and we assume that the lo-
cal temperature T (x), chemical potential (x), and ow
elds u

(x), are given, for example, by those taken from
ref. [4]. In relativistic heavy ion collisions, it has been
observed that the one particle spectra can be described
by thermal distribution fairly well [5]. In addition, in
relativistic heavy ion collisions, the typical time scale
is rather short and of the similar order as that of the
strong interaction. Therefore, we assume that the sud-
den (non-adiabatic) approximation is a valid abstraction
in describing the freezeout process in relativistic heavy
ion collisions quantum mechanically [6] and that there
exists an abrupt freeze-out surface, 

(x).








































The scalar eld (x) in this Hamiltonian, H , corresponds
to quasi - particles that propagate with a momentum-
dependent medium-modied eective mass, which is re-












The mass-shift is assumed to be limited to long wave-





if jkj > 
s
:
















































































































is the annihilation operator for the asymp-












and the expectation value of an operator
^
O is
given by the density matrix ^ as h
^
Oi = Tr ^
^
O. Eq.(5)
has been derived as a generalization of Wick's theorem
for locally equilibriated (chaotic) systems in Ref. [7]. It
applies, for example, to the hydrodynamical uid ensem-


























W is the covariant Wigner operator [8], whose ex-











in the semi-classical limit. On the other hand, (5) does
not apply, e.g., to pure coherent state ensembles. We re-
strict our attention here to only those ensembles to which
eq.(5) applies such as chaotic ensembles.
In order to simplify notation, we introduce the chaotic




































In most situations, the chaotic amplitude, G
c
(1; 2) 
G(1; 2) is dominant, and carries the Bose-Einstein corre-
lations, while the squeezed amplitude, G
s
(1; 2) vanishes.
In this case, we recover from (5) the well-known two-





























which includes the eect of only the two body correla-
tions arising from the symmetrization of an ideal Bose
gas. The exact value of the intercept, C
2
(k;k) = 2, is
a characteristic signature of a chaotic Bose gas without
dynamical 2-body correlations.
For the hydrodynamic ensemble (6), eq.(9) reduces to
the special form derived by Makhlin and Sinyukov [7]. In


























































) + 1] : (11)
























appear in (10,11). These variables arise
naturally whenever the Wigner operator is used, even in
totally non-equilibrium semi-classical limits [9]. The va-
lidity of the approximations leading to (10,11) requires
the width of G(1; 2) as a function of the relative momen-
tum, q = jq
1;2
j, to be small. That width is given by
 1=R, where R is a characteristic dimension of the sys-
tem. The semi-classical limit corresponds to KR  1,














case. For qR < 1, the second term in (5) describes the
minimal quantum interference associated with the indis-
tinguishability of the bosons. The integration over the
freeze-out three volume surface, 

(x), of the uid is


















x in the special case of a
constant freeze-out time.
Results for a homogenous system { The terms ne-
glected in (9) involving G
s
(1; 2) become non-negligible
when mass shift becomes non-vanishing, i.e., M
2
(k) 6=














of the in-medium mode with momentum k. The anni-
hilation operator for the in-medium quasiparticle with
momentum k, b
k
, and that of the asymptotic eld, a
k
,

























































later notation. As is well-known, the Bogoliubov trans-
formation is equivalent to squeezing operation, and so we
call r
k
mode dependent squeeze parameter. While it is
the a-quanta that are observed, it is the b-quanta that are
thermalized in medium. Thus, we consider the thermal
average for a globally thermalized gas of the b-quanta,










































































If this thermal b gas freezes out suddenly at some time
at temperature T , the observed single a-particle distri-




































This spectrum includes a squeezed vacuum contribution
in addition to the mass modied thermal spectrum. Its
shape, however, remains essentially that of the conven-
tional thermal distribution. In this homogeneous limiting
case, G
c




(1; 2) / V 
1; 2
. The re-
sulting two particle correlation function is therefore unity
except for the parallel and antiparallel cases:
C
2
(k;k) = 2; (20)
C
2























The dynamical correlation due to the two mode squeezing
associated with mass shifts is therefore back-to-back as
rst pointed out in [10]. The HBT correlation intercept
remains 2 for identical momenta.
2
Results for inhomogeneous systems. Following Ref. [7],
we divide the inhomogenous uid into independent (mi-
croscopically large but macroscopically small) cells la-

























For notational simplicity, we assume rst the absence of
ow, u

= (1; 0). In each cell, the eld can be expanded
































































































We can now evaluate the amplitudes (15,16) using the
generalization of (10,11), noting that the b-quanta satisfy











































































































A shorthand notation is introduced as
G
c































The above expressions are invariant and dened even in
the presence of a non-vanishing ow, as listed below: The
local squeezing is given by





















= cosh[r(a; b; x)]; s
a;b
= sinh[r(a; b; x)]; (33)
where a; b = 1;2, the mean and the relative mo-




















In order to dene the mass-shifted four-momenta and


















































































































If the mass-shift is non-vanishing in a nite medium, as a
consequence, a local squeezing is present (25,32), there-
fore the following new expressions are found for the par-
























































Fig. 1 illustrates the novel character of back-to-back
correlations for two identical bosons caused by the eec-
tive squeezing, along with the familiar Bose-Einstein or





fall of the back-to-back correlations for increasing values
of jkj is controlled by a momentum-dependent mass-shift.













= 325 MeV for illustrative purposes. Without such
a cut, the back-to-back correlations increase indenitely
for increasing values of k.
In Fig. 2, examples of the strength of the back-to-back
correlations are plotted for jkj = 0MeV (intercept), jkj =
300 MeV and 500 MeV, for  mesons, using m

= 1020




that for heavy particles like , the strength of C(k; k)
is rather large even for a modest mass-shift.
Particle-antiparticle pairs | As the Bogoliubov trans-
formation always mixes particles with anti-particles [11],
the above considerations hold only for particles that are
3
their own anti-particles, e.g. the  meson and 
0
. How-
ever, the extension to particle { anti-particle correlations
is straightforward. Let + label particles,   antiparticles
if antiparticle is dierent from particle, let 0 label both
particle and antiparticle if they are identical particles.
The non-trivial correlations from mass-modication for


































































where we have assumed that mass-modications of par-
ticles and anti-particles are the same as happens at van-
ishing baryon density.
Summary | The theory of particle correlations and
spectra for bosons with in-medium mass-shifts predicts









son pairs. This eect could become an observable at fu-
ture heavy ion experiments, e.g., at PHENIX and STAR
at RHIC [12] and could be looked for in present CERN
SPS studies. Further model calculations are required to
study the mass-shift eects on realistic source models,
e.g., ref. [13].
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Fig. 1. Illustration of the new kind of correlations
for mass shifted 
0
































Fig. 2. Dependence of the back-to-back correlation




for T = 140 MeV and  = 0, where solid, dashed and
dotted line stands for jkj = 0, 300 and 500 MeV.
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